Abstract. Myelodysplastic syndromes (MDS) are characterized by ineffective hematopoiesis and may progress to acute myeloid leukemia (AML). MicroRNAs (miRNA/miRs) as oncogenes or tumor suppressors regulate a number of biological processes including cell proliferation, cell cycle and apoptosis in different types of cancer cells. Recently, it has been reported that miR-21 as an oncogene is overexpressed and directly targets SMAD-7 in MDS. However, little is known about the mechanism of miR-21 in the progression of MDS. In the present study, the role of miR-21 in the proliferation and apoptosis of SKM-1 cells, an acute myeloid leukemia cell line established in the AML/MDS leukemic phase was investigated. The present results demonstrated that downregulation of miR-21 inhibited proliferation, induced apoptosis and caused G1 phase cell cycle arrest of SKM-1 cells. In addition, the expression levels of apoptosis regulator Bcl-2 (bcl2), cyclinD1 and phosphorylated-protein kinase B (AKT) were significantly decreased in SKM-1 cells transfected with the miR-21 inhibitor, whilst the expression levels of phosphatase and tensin homolog (PTEN), bcl-associated protein X (bax) and cleaved caspase 3 were significantly elevated. Furthermore, knockdown of Akt by small interfering (si)RNA significantly increased the expression of bax, cleaved caspase 3 and reduced the expression of bcl2 and cyclinD1 in SKM-1 cells. Taken together, these data indicate that miR-21 targets the PTEN/AKT pathway in the pathogenesis of MDS and could be a potential target for MDS therapy.
Introduction
Myelodysplastic syndromes (MDS), as clonal malignant diseases of the hematopoietic stem cells, are characterized by ineffective hemopoiesis of stem or progenitor cells, which leads to peripheral blood cytopenias and may progress to acute myeloid leukemia (AML) in 30% of MDS patients (1) . Although numerous types of therapy including immunomodulatory agents, low-dose chemotherapy and hematopoietic stem cell transplantation have been developed based on the molecular mechanisms of MDS, the current treatment methods only alleviate the symptoms, and, therefore, an in-depth understanding of the disease pathogenesis as well as biological alterations are necessary for the treatment of patients with MDS.
microRNAs (miRNA/miRs) are short single-stranded RNAs that serve roles in regulation of gene expression at the post-transcriptional level (2) . In recent years, increasing number of studies have demonstrated that miRNAs may act as oncogenes or tumor suppressors regulating numerous biological processes including cell proliferation, cell cycle and apoptosis (3) (4) (5) . In addition, it has been reported that dysregulation of miRNAs is involved in the pathogenesis of MDS (6) . For example, miR-22 as a potent proto-oncogene is upregulated in MDS and contributes to the onset of hematological malignancies by negatively regulating the expression of methylcytosine dioxygenase 2 (7). Kuang et al (8) has reported that miR-378 inhibits cell growth and enhances apoptosis in human MDS. In addition, miR-21 has been demonstrated to be dysregulated in many types of cancer acting as an oncogene promoting cell proliferation, migration and invasion (9, 10) . Furthermore, miR-21 is overexpressed and directly targets mothers against decapentaplegic (SMAD)-7 in MDS (11) . Therefore, the expression levels of SMAD-7 are markedly reduced which leads to ineffective hematopoiesis by overactivation of transforming growth factor-β signaling in MDS. To date, the majority of functional analyses of miR-21 focused on various human cancers, including colon (12) , renal (13) , lung (14) and cervical cancers (15) . However, the mechanism underlying miR-21-mediated regulation of cell proliferation and apoptosis in MDS/AML remains to be elucidated.
In the present study, downregulation of miR-21 expression inhibited cell proliferation, induced G1 arrest and promoted 
Materials and methods
Cell culture. SKM-1, SH-SY5Y, SRA01/04 and Kasumi-1 cell lines were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). The SKM-1 and SH-SY5Y cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 µg/ml streptomycin and 100 U/ml penicillin. All cells were incubated at 37˚C with 5% CO 2 . The SRA01/04 cells were cultured in modified Eagle's medium (MEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS and 1% Non-Essential Amino Acid Solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C in a humidified atmosphere containing 5% CO 2 and 95% air. The Kasumi-1 cells were cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 15% FBS, 100 µg/ml streptomycin and 100 U/ml penicillin at 37˚C in a humidified atmosphere containing 5% CO 2 and 95% air.
Lentiviral vector construction and lentivirus transfection.
To down-regulate miR-21 in SKM-1 cells, the inhibitor of hsa-miR-21 lentivirus gene transfer vector encoding green f luorescent protein (GFP) was constr ucted by Sha ngha i GenePha r ma Co., Ltd. (Sha ngha i, China). The sequence of the inhibitor of hsa-miR-21 5'-TAGCTTATCAGACTGATGTTGA-3' was confirmed by sequencing (data not shown). The recombinant lentivirus of miR-21 inhibitor (LV-miR-21 inhibitor) and the control lentivirus (LV-NC, 5'-TTCTCCGAACGTGTCACGT-3') were prepared and tittered to 1x10 8 transfection unit (TU)/ml. A total of ~0.5x10 5 SKM-1 cells were plated in each well in 24-well plates overnight at 37˚C.
Following 24 h of culture, lentiviruses were diluted in 0.4 ml Iscove's Modified Dulbecco Medium (IMDM; Gibco; Thermo Fisher Scientific, Inc.) containing polybrene (5 µg/ml; Sigma-Aldrich; Merck KGaA) and added to the cells and incubated at 37˚C for an additional 24 h, followed by incubation in 0.5 ml of fresh IMDM for another 24 h at 37˚C, which was replaced with fresh IMDM and the cells were cultured for 48 h at 37˚C. The lentivirus transduction efficiency of SKM-1 cells was determined by the detection of GFP signals by fluorescence microscopy (magnification, x100) and flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, USA) CellQuest software version 2.0 (BD Biosciences) 96 h following transduction. Data were analysed using CellQuest software (BD Biosciences). 6 cells/well in 6-well plates for 24 h at 37˚C. Following 96 h of viral transfection, as described above, the cell groups were collected by centrifugation at 1,000 x g for 5 min at room temperature and fixed in ice-cold 70% ethanol overnight. Subsequently, RNase A (60 µg/ml) and propidium iodide (25 µg/ml) in PBS were added, and samples were incubated for 30 min in the dark at room temperature. Finally, cells were tested using flow cytometry (FACSCalibur) at 488 nm to determine DNA content. Data were analysed using CellQuest software version 2.0.
Cell viability assay.

Measurement of apoptosis by flow cytometry.
Cell apoptosis was assessed using a PE-Annexin-V/7-AAD apoptosis detection kit (BD Pharmingen, San Jose, CA) and the apoptotic rate was analyzed by a flow cytometry on FACS Calibur. Data were analysed using CellQuest software version 2.0. A total of 5x10 5 -1x10 6 cells/well were seeded in 6-well plates for 24 h at 37˚C. Following 96-h of viral transfection, as described above, cells were harvested and washed with PBS 2-3 times at 37˚C for 5 min. Subsequently, cells were resuspended at a density of 1x10 6 cells/ml, stained with Annexin V-PE and counterstained with 7-AAD in binding buffer (included in kit) at room temperature for 15 min. The apoptotic cells were measured using a flow cytometer with 488 nm excitation and 578 nm emission for Annexin V-PE detection, and 488 nm excitation and 647 nm emission for 7-AAD detection.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from homogenized cell samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and treated with DNase (Promega Corporation, Madison, WI, USA). SKM-1 cells were analyzed following 4 days of culture post lentiviral transfection, as described above. For each sample, 2 µg of RNA was used for complementary (c)DNA synthesis with the All-in-One™ miRNA First-Strand cDNA Synthesis kit (GeneCopoeia, Inc., Rockville, MD, USA) containing universal qPCR primers, and was reverse transcribed at 37˚C for 60 min. The primers used were as follows: miRNA-21, forward 5'-TAGCTTATCAGACTGATGTTGA-3'; U6, forward 5'-CTCGCTTCGGCAGCACA-3' and reverse 5'-ACGCTTCACGAATTTGCGT-3'. were obtained from GeneCopoeia. The expression of miRNA-21 was determined using All-in-One miRNA qPCR Detection kit (GeneCopoeia, Inc., Rockville, MD, USA) and the U6 gene was used as a control for normalization. The PCR reaction was conducted at 95˚C for 10 min, followed by 40 cycles of denaturing at 95˚C for 10 sec, annealing at 60˚C for 20 sec, and extension at 72˚C for 10 sec. The relative level of miR-21 was calculated with the comparative Cq method (2 -ΔΔCq ) (16) . qPCR was performed with SYBR Green I (included in kit) on ABI 7300 (Applied Biosystems; Thermo Fisher Scientific, Inc.).
Western blot analysis. Cells were seeded in 6-well plates at a density of 2x10 6 cells/well with 2 ml complete DMEM (10% FBS, 100 µg/ml streptomycin and 100 U/ml penicillin) for 24 h at 37˚C. Following 96 h of viral transfection, as described above, the cells were washed with PBS and lysed with radioimmunoprecipitation assay lysis buffer (150 mmol/l NaCl, 50 mmol/l Tris-HCl, pH 7.4, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) with 1 mM sodium orthovanadate, 1 mM PMSF, and 1% cocktail of protease inhibitors (Sigma-Aldrich; Merck KGaA). The protein concentration was determined using the BCA method. Equal quantities of proteins (20 µg) were separated by 10-15% SDS-PAGE and transferred by electroblotting onto a nitrocellulose membrane. After blocking with 5% nonfat milk for 2 h at room temperature, membranes were incubated with various primary antibodies overnight at 4˚C: AKT (1:1,000 dilution; cat. no. 9272), phosphorylated (p)-AKT (1:1,000 dilution; cat. no. 4060), cyclin D1 (1:1,000 dilution; cat. no. 2978), cleaved caspase 3 (1:1,000 dilution; cat. no. 9661), apoptosis regulator Bcl-2 (bcl-2; 1:1,000 dilution; ab182858), bcl-associated protein X (bax; 1:1,000 dilution; ab32503) or GAPDH (1:3,000 dilution; cat. no. 5174) followed by incubation with the corresponding horseradish peroxidase-conjugated secondary antibody (1:20,000 dilution; cat. no. 7074) for 2 h at room temperature. Primary antibodies and secondary antibodies were obtained from Abcam (Cambridge, UK) and Cell Signaling Technology, Inc. (Danvers, MA, USA), respectively. Visualization was achieved using SuperSignal West Pico chemiluminescent substrate (Pierce; Thermo Fisher Scientific, Inc.). Densitometry of western blots was performed using ImageJ version 1.38x software (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. All the data were expressed as the mean ± standard deviation from three independent experiments. Differences between groups were determined by one-way analysis of variance followed by Dunnett's or Tukey's post hoc tests. P<0.05 was considered to indicate a statistically significant difference. Data were analyzed using GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA). (Fig. 1) . Kasumi-1 cells exhibited the highest expression levels of miR-21; however, this cell line is often used as a model of AMl. Therefore, based on the expression profile of the analysed cell lines, SKM-1 cells as a MDS cell model were selected for the following loss-of-function studies.
Results
miR-21 is highly
miR-21 inhibitor downregulates miR-21 in SKM-1 cells.
To investigate the molecular role of miR-21 in SKM-1 cells, a lentiviral vector system (LV-miR-21 inhibitor), which incorporated GFP as a reporter gene, was used to downregulate the expression of miR-21 ( Fig. 2A) . Following lentiviral transfection, a high percentage of cells in the LV-NC group (71.5%) and LV-miR-21 inhibitor group (73.5%) expressed GFP (Fig. 2B) , indicating efficient transfection. RT-qPCR demonstrated that the expression level of miR-21 was similar in LV-NC and blank control groups. However, miR-21 expression level was lower in the LV-miR-21 inhibitor group compared with LV-NC and blank control groups, indicating that miR-21 was successfully downregulated in SKM-1 cells (Fig. 2C) .
miR-21 inhibitor reduces proliferation of SKM-1 cells.
Based on the above results, an association between miR-21 and SKM-1 proliferation was hypothesized. miR-21 was inhibited in SKM-1 cells and cell viability was measured with CCK-8 assay. Suppression of miR-21 by transfection with the LV-miR-21 inhibitor significantly decreased the proliferation of SKM-1 cells compared with LV-NC and blank control cells (Fig. 3) . These results indicated that miR-21 inhibitor exhibits inhibitory effects on the proliferation of SKM-1 cells.
miR-21 inhibitor induces G1 arrest in SKM-1 cells.
Given the suppressive effect of miR-21 inhibitor on cell proliferation, miR-21 inhibitor may affect cell cycle. Therefore, flow cytometry was carried out for cell cycle analysis in LV-miR-21 inhibitor, LV-NC and blank control groups. The results demonstrated that the percentage of cells at the G0/G1 phase in the LV-miR-21 inhibitor group (50.93%) significantly increased compared with the blank control (34.27%) and LV-NC groups (38.06%; Fig. 4A ). To further elucidate the molecular mechanism underlying miR-21 inhibitor-induced G1 cell cycle arrest, the expression level of cyclin D1 in SKM-1 cells was measured. This demonstrated that LV-miR-21 inhibitor transfection markedly decreased the expres sion of cyclin D1 in SKM-1 cells (Fig. 4B ) compared with the LV-NC and blank groups. The above results indicated that miR-21 inhibitor reduces proliferation possibly by inducing G0/G1 cell cycle arrest. 
miR-21 inhibitor induces apoptosis in SKM-1 cells.
To further study the effects of miR-21 on SKM-1 cell apoptosis a flow cytometry experiment was conducted. The results demonstrated that cells transfected with the LV-miR-21 inhibitor exhibited increased apoptosis compared with the blank and NC groups (Fig. 5A ). To confirm these findings, western blotting was also performed to examine the protein expression of bcl-2, bax and cleaved caspase 3, which are apoptosis-associated markers (17) . As expected, transfection with the LV-miR-21 inhibitor elevated the expression level of bax and cleaved caspase 3 and decreased the expression level of bcl-2 (Fig. 5B) . These results demon strated proapoptotic effects of miR-21 inhibitor on SKM-1 cells. modulates tumor cell proliferation and apoptosis (17, 18) , and miR-21 has been demonstrated to control the expression and the activities of PTEN and AKT (19, 20) . Therefore, the effect of miR-21 inhibitor on the expression of PTEN and p-AKT was investigated. The result of western blotting revealed that, compared with the blank control and LV-NC groups, miR-21 inhibitor promoted the expression of PTEN, but suppressed the protein level of p-AKT (Fig. 6A) . These results indicated that miR-21 inhibitor may regulate the PTEN/AKT pathway in SKM-1 cells. Subsequently, to further assess whether the PTEN/AKT pathway was involved in the anticancer effects of miR-21 inhibitor, the protein expression levels of cyclin D1 and apoptosis-associated proteins (bcl-2, bax and cleaved caspase 3) were examined by western blotting following treatment of SKM-1 cells with AKT siRNA. AKT knockdown markedly increased the expression of bax and cleaved caspase 3, and reduced the expression of cyclin D1, p-AKT, AKT and bcl-2 in SKM-1 cells (Fig. 6B) . Numerous studies have revealed that the G0/G1 arrest may be association with reducing the expression of cyclin D1 (21) (22) (23) . Taken together, these results ( Fig. 6A  and B) indicated that the PTEN/AKT pathway could serve an important role in regulating miR-21 inhibitor-induced apoptosis and G0/G1 cell cycle arrest in SKM-1 cells as reported previously (21) (22) (23) .
Discussion
Accumulated evidence has demonstrated that miRNAs are aberrantly expressed in various physiological and pathological processes, including carcinogenesis, and numerous miRNAs function as tumor suppressors or oncogenes (24) (25) (26) . Previous studies have demonstrated that miR-21 is frequently upregulated and serves a role in tumorigenesis and tumor progression of glioblastoma (27) , head and neck cancer (28) , ovarian cancer (29), B-cell lymphoma (30) , hepatocellular carcinoma (31), cervical cancer (32), prostate cancer (33), lung cancer (34) and leukemia (35) . However, the potential role of miR-21 in MDS is relatively uncharacterized. SKM-1 is an acute myeloid leukemia cell line established in the leukemic phase during the progression of MDS to AML (MDS/AML) and has been used in numerous studies on myelodysplastic syndromes as a MDS cell model (8, 36) . In the present study, the SKM-1 cell line was used and the effects of miR-21 on cell proliferation, apoptosis, and cell cycle arrest were evaluated. SKM-1 cells were used as an in vitro model of MDS/AML to further investigate whether the cell viability and apoptosis of SKM-1 cells can be modulated by miR-21 inhibitor.
In the present study, for the first time to the best of our knowledge, it was demonstrated that miR-21 inhibitor exerts tumor suppressive function in SKM-1 cells. Functional experiments using SKM-1 cells further demonstrated that downregulation of miR-21 expression lead to suppression of cyclin D1 activity, cell cycle arrest at the G0/G1 checkpoint and inhibited cancer cell proliferation. Furthermore, suppression of miR-21 expression in SKM-1 cells could lead to upregulation of the bax expression and cleaved caspase 3 and downregulation of the bcl-2 expression, promoting cell apoptosis.
PTEN is located on human chromosome 10 in region 10q23 and functions as a tumor suppressor gene (37) . It has been reported that PTEN is an important downstream target (38) . For instance, miR-21 promotes tumor growth and invasion by downregulation of PTEN in prostate cancer (19) . Zheng et al (20) revealed that miR-21 modulates cisplatin sensitivity of gastric cancer by modulating the PTEN/PI3K/AKT pathway. Wang et al (39) revealed that downregulation of miR-21 enhanced imatinib-induced apoptosis, and that overexpression of miR-21 conferred imatinib resistance by modulating PTEN expression in acute lymphoblastic leukemia. In addition, loss of PTEN facilitates cell proliferation and inhibits apoptosis (40) (41) (42) (43) . It has been suggested that silencing of the PTEN gene in A549 cells significantly enhanced cell proliferation and inhibited cell apoptosis (40) . Silencing PTEN expression may promote cell proliferation, decrease the rate of apoptosis of HCC827 cells and reduce the sensitivity of HCC827 cells to icotinib (41) . Loss of PTEN can effectively inhibit glucocorticoid-induced apoptosis and induce resistance to glucocorticoid therapy in acute lymphoblastic leukemia (42) . PTEN loss is also likely to result in cancer progression and relapse in T-cell acute lymphoblastic leukemia (43) . To verify the association between miR-21 and PTEN in SKM-1 cells, western blot analysis was performed and the results demonstrated that down-regulation of miR-21 markedly elevated levels of PTEN in SKM-1 cells.
AKT is a serine/threonine kinase and AKT pathway has been widely reported to be associated with cell growth, proliferation and apoptosis in various types of tumor cells (44, 45) . It has also been reported that inactivation of PTEN results in constitutive activation of the PI3K/AKT pathway and increased proliferation and survival of cancer cells (18) . Furthermore, up-regulation of PTEN protein inactivated the AKT signaling pathway, which further inhibited proliferation and induced apoptosis in human acute T cell leukemia cells (46) . miR-21 expression was demonstrated to suppress cell proliferation and induce cell apoptosis in SKM-1 cells. Subsequently, whether AKT signaling pathway was involved in the regulation of cell proliferation and apoptosis was investigated. In response to inhibited miR-21 expression, p-AKT protein level was downregulated. AKT may regulate carcinogenesis by several downstream targets including cyclinD1, bax, bcl-2 and caspase 3 (47, 48) . To further confirm the role of the AKT signaling in cell proliferation and apoptosis, siAKT was used to inhibit the expression of p-AKT in SKM-1 cells. It was demonstrated that the protein levels of cyclin D1 and bcl-2 were reduced and the protein levels of bax and cleaved caspase 3 increased following transfection of SKM-1 cells with siAKT. These results indicated inactivation of Akt signaling pathway may involve in miR-21 inhibitor-mediated cell proliferation and apoptosis of SKM-1 cells.
In conclusion, the present study demonstrated that miR-21 inhibitor may act as a tumor suppressor in SKM-1 cells. Furthermore, downregulation of miR-21 expression inhibited SKM-1 cell proliferation and induced SKM-1 cell apoptosis by regulating the miR-21/PTEN/AKT axis. These results suggested that miR-21 may be a potential therapeutic target for the treatment of MDS; however, the present study was performed in vitro. Therefore the anti-tumor activity via the inhibitory effects of miR-21 requires further investigation in vivo.
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